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SUMMARY
Software-Defined Networking (SDN) concept provides many features including hardware abstraction,
programmable networking and centralized policy control. This allows benefiting from recently developed
open source frameworks in order to build service platforms from a dynamic softwarized ecosystem of
networking. There are two major technologies for building the next-generation mobile network: Radio
Access Network (RAN) Sharing and Cloud-RAN (C-RAN). RAN sharing ensures efficient usage of network
equipment among multiple mobile network operators (MNOs) and C-RAN benefits installation, evolution,
management and performance improvements. One of the main benefits that can be used along with these
features is dynamic virtualization of RAN and core/backhaul network equipment in order to ensure network
sharing among multiple MNOs for efficient usage of their network infrastructures. In this work, we
propose an SDN-based C-RAN architecture managed by C-RAN controllers which are integrated with a
virtualization controller that is crucial for core/backhaul network sharing of the proposed next generation
cellular network architectures. We further provide a use case study of shared mobile architecture for channelaware remote radio head (RRH) assignment to multiple MNOs. Two C-RAN aided cooperative algorithms,
named ANCESTOR and MORGAN, that ensure load balancing among RRHs and better received signal
strength levels are provided. Moreover, by selecting MNO assignments judiciously, MORGAN, is shown
to converge to a pure strategy Nash equilibrium with high probability in the shared network architecture.
The results reveal the proposed methods’ performance advantages over static distribution and convergence
properties. Copyright c 0000 John Wiley & Sons, Ltd.
Received . . .
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1. INTRODUCTION
It is still an open question whether investing on 5G infrastructure will be a solution for resolving the
critical infrastructure related problems of today. Mobile Network Operators (MNOs) and Mobile
Service Providers (MSPs) are cognizant of the growing speed of data, voice and video traffic within
their infrastructures which are expected to swamp their existing network resources soon. In order
to compensate for this growing demand, MNOs have been looking for innovative and disruptive
solutions that can increase their revenues without sacrificing users’ quality-of-experience (QoE)
so that they can provide better services to their end-users [1]. Therefore, it is critical for MNOs
to invest today in the future 5G network. At the same time, MNOs are looking for technologies
that can enable them differentiated characteristics with respect to bandwidth, latency, fairness or
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Prepared using nemauth.cls [Version: 2010/05/13 v2.00]

2

O. NARMANLIOGLU AND E. ZEYDAN

capacity and support fast, efficient introduction of new products and services. According to report
of 5G Infrastructure Public Private Partnership (5G PPP) [2] which was initiated by European
Commission, the fundamental requirements to handle the expected data explosion in 5G networks,
as compared to current network infrastructure: 1000X in mobile data volume per geographical
area, 1000X in the number of connected devices, 1/5X in end-to-end latency, 1/10X in energy
consumption as compared to 2010, etc. In order to reach those 5G requirements, Network Functions
Virtualization (NFV) and Software-Defined Networking (SDN) solutions can be considered to
be valid technology enablers which can also provide capital expenditure (CapEx) and operating
expenditure (OpEx) savings, fast service creation and deployment, effective service life-cycle
management opportunities and energy consumption reductions [3].

1.1. Roadmap of MNOs for Lowering Infrastructure Cost
In recent years, the deployment of ultra-dense networks, also called Heterogeneous Networks
(HetNets), including picocells, femtocells, relay nodes etc. has been introduced with Long Term
Evolution (LTE)-Advanced and increasingly gaining momentum in order to meet the requirements
of the data explosion. However, HetNet development brings both CapEx and OpEx increases to
MNOs due to their construction, location planning and management etc. The Radio Access Network
(RAN) sharing paradigm ensures efficient usage of network equipment among multiple MNOs.
The MNOs have already demonstrated reduction in CapEx and OpEx for LTE-Advanced and
also for 3G and LTE in several countries such as Sweden and Spain. In Cloud RAN (C-RAN),
base stations (BSs) digital function units, known as baseband units (BBUs) are separated from
radio function units, the remote radio heads (RRHs). There are significant benefits to installation,
evolution, management, and performance by shifting the BBU to the cloud and introducing
centralized coordination and inter-site operation. C-RAN can enable simplified implementation of
several advanced features such as Coordinated Multipoint (CoMP) transmission and reception and
enhanced inter-cell interference cancellation (eICIC). These work as technology enablers for 5G.
C-RAN can also provide real-time virtualization of a pool of resources, allowing dynamic allocation
of the BBUs. Network virtualization with SDN is an important paradigm that allows network
resources to be used more efficiently. C-RAN virtualization can provide several features such as
sharing of resources for breaking up large resource into multiple pieces, isolation for protection from
other tenants that are sharing the same resources, aggregation for combining many resources into
one, dynamism for fast deployment, scalability and mobility support and easy of management for
deployment and testing purposes. Therefore, given the long investment cycles of MNOs, network
virtualization via SDN framework can be an effective solution to reduce CapEx and OpEx and
upgrade the network infrastructure. Moreover, moving into an open and virtualized platform can
transform the way mobile services are delivered to end-users.

1.2. New Era in Mobile Networks with Virtualized Platform
Dynamic network slicing is a driving force behind the evolution of 5G networks, which benefits
from the capabilities of NFV, SDN and the network sharing paradigm. These technologies have
the potential to provide advanced network services. Using dynamic network slicing, manipulating a
network on demand that can accommodate a number of different scenarios, including orchestrating
certain capabilities across different parts of the network. Hence, MNOs would be able to design,
deploy and customize their own “slices” on common network infrastructure. As a matter of fact,
there can be scenarios where MNOs can encounter dynamic traffic patterns. For example, in a
stadium scenario, most of the traffic can originate from download traffic rather than upload traffic
before the start of the game and upload traffic can surpass the download traffic during the game
due to people sharing photos and videos to social media. In those scenarios, being able to tailor the
network based on the instantaneous demand of the user equipment (UE) can mostly benefit MNOs.
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1.3. Related Work
Several RAN sharing mechanisms, C-RAN based architectures, SDN and virtualization concepts
have been proposed and investigated in the literature [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23]. An overview of 3GPP standard evolution from network sharing
principles, mechanism and architectures to future mobile networks is provided in [4]. In [5], the
operation of C-RAN architecture coordinated with cloud computing services are analyzed in order
to enhance end-to-end system performance. [6] provides an energy-efficient C-RAN architecture
with the use of information theoretic concepts. In [7], performance of CoMP and handover (HO)
mechanisms is investigated in cloud based small cell architecture. In [8], the authors design a loadaware dynamic mapping between RRHs and BBUs with the aim of minimizing the number of active
BBUs in C-RAN architecture. In [9], an RRH selection mechanism with the purpose of saving power
considering link gain, traffic density, bandwidth allocation and spectral efficiency issues in C-RAN.
Similarly, [10] proposes an energy-efficient deployment with the selection of an RRH subset.
Centralized vs distributed BBUs in C-RAN architecture has also been studied in many industrial
whitepapers. The work of Ericsson’s whitepaper on C-RAN has shown different possibilities of
functional splits of the radio access protocol layers in a C-RAN [11]. ZTE proposes a virtualized
platform based on C-RAN [12]. NEC, on the other hand, has proposed different functional
splitting C-RAN architectures in order to reduce fronthaul cost and delay and increase capacity
for radio resource allocation [13]. Fujitsu [14] has been implementing Virtualized-RAN (V-RAN)
architecture with E-band radios. However, those approaches are not based on open-source and
have not looked into the evolving architecture of inter-working of the C-RAN controller with
the virtualization controller for network sharing in SDN-based multi-tenant cellular networks.
3GPP standardization body has also studied RAN disaggregation and different C-RAN options
in TR 38.801 of Release 14 [15].
In addition to network sharing and C-RAN technologies, SDN and virtualization concepts are also
considered as candidates to be further adopted by the next generation networks. Following recent
advances in SDN and virtualization, the authors in [16] provide an overview of the integration of
SDN, network virtualization and NFV with mobile network architectures and discuss the issues
for future mobile networks. Concepts of SDN and OpenFlow as standardized southbound∗ API
protocol has been promoted by Open Networking Foundation (ONF)† . Additional southbound
protocols similar to OpenFlow such as ForCES [24] by the IETF, and Cisco OpFlex [25] also exist
as alternatives. An overview of SDN applied in the wireless domain is presented in [17]. Solutions
such as COAP [18] and EmPOWER [19] are designed as SDN and NFV-based orchestration and
management frameworks for wireless access points (APs) and gateways. SoftRAN proposed in [20]
is used for scalability and resource management purposes in Cellular RANs. CellSDN solution
distributes the processing load on switches and BSs using a controller. SoftCell [21] extends
CellSDN with a better architecture that supports fine-grained policies. FlexRAN is proposing a
SD-RAN platform for RAN sharing [22]. Moreover, the benefits of network virtualization in mobile
cellular networks are investigated in our previous work [23].
1.4. Our Contributions
Table I gives the summary of the above discussed various techniques for SDN-based networks
for the considered problem, highlighting some of the most relevant work for each problem and
describing the contributions of this work. It should be noted that none of the above work, however,
consider both C-RAN and core/backhaul shared network architecture that exploit the advantages
of SDN and network virtualization for multiple MNOs. In this paper, we utilize recent advances in
network softwarization concept for an open and virtualized platform with dynamic network slicing

∗A

southbound Application Programming Interface (API) is a protocol that allows SDN controllers to communicate with
the SDN-enabled switches and a northbound API allows SDN applications communicate with SDN controllers
† http://www.opennetworking.org
Copyright c 0000 John Wiley & Sons, Ltd.
Prepared using nemauth.cls

Int. J. Network Mgmt (0000)
DOI: 10.1002/nem

4

O. NARMANLIOGLU AND E. ZEYDAN

Table I. A comparison of various techniques for SDN-based networks with the proposed approach
Characteristics
Wireless

Traditional Approaches
Limitations

Advantages

Proposed Approach
Differences

COAP [18] for residential wireless gateways

No slicing component

Multi-tenancy

EmPOWER testbed for radio slicing [19]

Non-hierarchical

C-RAN slicing

Hierarchical controller

RAN &
Transport

SoftRAN [20] for resource management
FlexRAN [22] SD-RAN platform

OpenFlow incompatible
missing C-RAN inter-operability

Network slicing for multi-tenants
Dynamic RRH assignments

Multi-operator virtualization
RAN & core virtualization

Core

SoftCell [21] for fine-grained policy
CellSDN [26] distribute processing load

Not designed for
multi-tenant networks

Network sharing
using hierarchical controllers

Integration with C-RAN

Network
Virtualization

Network virtualization for MNOs [23]
ONF’s SDN network slicing [27]

Applied only over EPS
C-RAN not present

Includes C-RAN virtualization
CQI maximization

RRH assignments to
multiple MNOs

Proprietary vendor-

Ericsson [11] various levels of C-RAN centralization

specific solutions

ZTE [12] virtualized platform based on C-RAN

No multi-tenancy
Non-hierarchical controller
design

Cost effective
Open-source based framework
Softwarized networking services
Generic APIs

Interworking with C-RAN
and virtualization controllers
Dynamic reservation by C-RAN
and virtualization controllers
for multi-tenant MNOs

Fujitsu [14] with V-RAN architecture
NEC for C-RAN resource allocation [13]

Cellular BSs and C-RAN

features in the next generation cellular networks. More specifically, we propose an SDN-based CRAN including C-RAN controller which is integrated to a virtualization controller that is crucial for
backhaul/core network sharing over currently deployed LTE network architectures. Each evolved
Node-B (eNodeB) function is shifted to the top of the C-RAN controller that benefits from global
view of the network and enables centralized processing and collaborative decision mechanism, as a
consequence of its and BBUs’ location in cloud.
We further consider an optimization problem where the goal is to maximize total channel quality
indicator (CQI) (in proportion to received signal strength (RSS) levels) obtained by all MNOs under
the constraints of appropriate C-RAN slicing for multiple MNOs and successful connection of
all UEs of MNOs which brings new challenges for the development of convergence-guaranteed
algorithms. For this, a case study ensuring efficient usage of RRH among multiple MNOs is
provided. Note that the optimal global solution, which can be found by exhaustively searching the
entire feasible strategy space, is cumbersome due to availability of large set of space. In order to
alleviate this issue, we propose two C-RAN controller aided algorithms for solving the optimization
problem efficiently.
To the best of authors’ knowledge, the problem of appropriate C-RAN slicing mechanisms to
MNOs that can exploit the channel measurements of UEs for each MNO has not been formalized in
multi-operator shared network setting. Therefore, our contributions in this paper can be summarized
as two-fold:
• An SDN-based shared C-RAN architecture that is managed by C-RAN controllers which are
integrated with a virtualization controller in a higher hierarchy for dynamic network slicing
of core/backhaul and RAN segments based on the generated traffic of multiple MNOs’ UEs
is proposed.
• The optimization problem for global CQI maximization under both connected UEs and
assignments constraints is solved via game-theoretical approaches that both addresses the
convergence issues as well as leads the system to optimal solutions.

2. FLEXIBLE AND DYNAMIC ARCHITECTURE: CONCEPTS AND FEATURES
An overview of the proposed SDN-based shared Evolved Packet System (EPS) architecture
integrated with C-RAN controller in C-RAN and virtualization controller in the core network is
shown in Fig. 1. In order to create an open and softwarized platform for cellular infrastructure,
there are two main virtualized and sliced components of the SDN-based shared EPS architecture:
Virtualization of Evolved Packet Core (EPC) and virtualization of Evolved Universal Terrestrial
Radio Access Network (E-UTRAN) which have been detailed in the following subsections.
Copyright c 0000 John Wiley & Sons, Ltd.
Prepared using nemauth.cls

Int. J. Network Mgmt (0000)
DOI: 10.1002/nem

5

NEW ERA IN SHARED CELLULAR NETWORKS

Applications
C-RAN Controller

Application
Layer

Load Balancing
MNO 1

MNO 2

HSS

HSS

HSS

Applications

MME

MME

MME

C-RAN Controller

SDN
Controller

SDN
Controller

SDN
Controller

RB Allocation
CoMP

...

...

Control
Layer

eICIC CA HO

...

BBU
Layer

BBU

MNO 3

Virtualization Controller

RRH
Layer

MNO Services

UE
Layer

RRH

Internet
Applications

S-GW

P-GW

IMS

C-RAN Controller

...

SDN-Based Shared C-RAN

SDN-Based Shared Core/Backhaul Network

Figure 1. SDN-based shared C-RAN and core/backhaul network architecture with integrated C-RAN and
virtualization controllers.

2.1. Virtualized and Sliced EPC and Backhaul Architecture
SDN-based slicing of the core, backhaul and RAN elements will be a key architectural evolution for
enabling the next generation 5G cellular networks. Fig. 1 illustrates an example scenario where
three MNOs are sharing the same backhaul/core and RANs via a virtualization controller and
several C-RAN controllers, respectively. In this architecture, a network virtualization controller
(e.g. a controller structure similar to OpenVirteX [28] that achieves virtualization by providing
addresses for keeping address spacing separate and topology virtualization for enabling tenants to
specify their topology with resiliency for underlay networks), which is owned by infrastructure
provider, is directly connected to the SDN controllers of each MNO. A virtualization controller is
used to adaptively perform core/backhaul sharing and slicing between different MNOs. The SDN
framework with the virtualization controller allows all nodes, including the network forwarding
hardware and core network gateways (Serving Gateways (S-GWs) and Packet Data Gateways (PGWs)) and backhaul networks to be shared by MNOs. In a shared network, the MNOs share core,
backhaul network elements and pool of BBUs and RRHs on the C-RAN side. An RRH can be
assigned to each MNO depending on the application’s outcome, hence a single RRH is only assigned
to a single MNO at a certain point in time. However, all MNOs participating in the shared network
maintain their own control plane (Mobility Management Entity (MME), Policy and Charging Rules
Function (PCRF) and Home Subscriber Station (HSS)) and this is used to control the network slices
that are allocated by the virtualization controller. The individual MNOs can then control their own
slices via their dedicated control plane architectures (i.e. via their own MME, HSS and PCRF).
In addition to connection with SDN controllers of each MNO, the virtualization controller is also
connected with C-RAN controllers (e.g. a controller structure similar to OpenDaylight or Open
Network Operating System (ONOS) [29]) which are distributed in a geographic area for large
coverage. In the upper layer hierarchy of C-RAN controller, a virtualization controller has higher
priority in terms of decision making compared to C-RAN controller over C-RAN. The virtualization
Copyright c 0000 John Wiley & Sons, Ltd.
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controller receives relevant RAN related information from the C-RAN controller and performs midto-long term RAN related decisions in addition to performing core/backhaul network management.
Hence, the virtualization controller requires the following data elements in the connection with RAN
controller interfaces such as
• Policy set (quality-of-service (QoS))
• Mobility restrictions
• Radio Access Technology (RAT) selection rules/control
• CQI
• RAN node (including BBUs and RRHs) congestion
• specified by <Action, Rule> tuples

In the architecture of Fig. 1, virtualization is performed at two levels. First, infrastructure owners
manage the network slices assigned to each MNO using the network virtualization controller.
Second, sub-virtualization for all MNO’s applications is performed within an MNO’s slice. In this
SDN-based EPS architecture, traffic of multiple MNOs is converged to run on a common backbone
network infrastructure while each slice of each MNO is kept virtually separate. In our scenario,
SDN controllers inside MNOs control the demand requests of each UE as well as establish bidirectional communications with the virtualization controller. The demands of multiple MNOs are
served under time and location based varying network conditions by pushing appropriate flow rules
on both backhaul and core network elements via protocols such as OpenFlow [30].
2.2. Virtualized E-UTRAN architecture utilizing C-RAN and C-RAN controller
The overview of the proposed SDN-based E-UTRAN architecture that utilizes C-RAN and CRAN controller is also available in Fig. 1 which identifies key architectural components as well as
additional elements for SDN extension for mobile RAN design. The key architectural components
are identified over five main layers:
1) UE Layer: The equipment in this layer are connected to packet data network (PDN) services
such as Internet, IP Multimedia Subsystem (IMS), MNO services through fronthaul, backhaul and
core network of the sliced MNO. They are supposed to have full capabilities to be connected with
any carriers so that they can listen and connect to any RRH in the particular network region.
2) RRH Layer: Radio frequency (RF) front-end equipment exist in this layer. They are connected
to BBUs through high bandwidth, low latency fronthaul network. Optimization and management
of all conventional RAN related functions such as radio resource management (RRM), carrier
aggregation (CA), CoMP, eICIC are shifted to higher layers.
3) BBU Layer: Inside BBU layer, BBU pools exist which are specialized hardware platforms
utilizing digital signal processors. This layer has capability for executing each function available
in E-UTRAN protocol stack [31]. For RAN resource monitoring, CQI feedback from each active
UE is received by an RRH every transmission time interval (TTI) period and stored in BBUs. It
periodically collects data from RAN elements about the radio CQI, congestion, traffic, interference
etc. on a timescale of milliseconds. Based on the demands of the application running on top of
RAN controller, this feedback information is then forwarded to the C-RAN controller for further
processing. The elements in this layer are connected to PDN services such as Internet, IMS via
backhaul and core network of the MNO.
4) Control Layer: The control layer contains C-RAN controller which monitors and manages
the RAN. C-RAN controller is used to control the BBU layer elements by pushing appropriate rules
through its southbound API for execution of the actions that comes out of application’s decision
logic. The C-RAN controller can communicate with the application layer for executing applications
through its northbound API to control the operation of C-RAN segment of the network and also
to handle the necessary coordination between multiple RRHs for executing RAN functionality.
C-RAN controller can also communicate with the virtualization controller in the upper hierarchy
Copyright c 0000 John Wiley & Sons, Ltd.
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to send relevant RAN related information mid-to-long term RAN related decisions to be done by
virtualization controller.
Note that one C-RAN controller would serve several BBUs and RRHs (on the order of tens).
For the management of applications running on top of C-RAN controller, resources of individual
RRHs (and sometimes a group of RRHs) are allocated amongst UEs to maximize UE throughput
and QoS while minimizing interference between flows on the C-RAN controller. C-RAN controller
creates and dynamically utilizes the application elements in application layers by efficiently and
fairly allocating resources according to the requirements MNO and QoS of each UE. It also has the
capability of establishing or modifying the usage of each radio access element based on the demands
of network. One of the benefit of running a C-RAN controller on top of RAN segment of the network
is the ability to observe RAN related parameters at a single point. This gives the opportunity for
application developers to run the appropriate application’s logic using global information about the
related RAN segment of the network yielding much better performance gains.
5) Application Layer: In the application layer, applications with functionality such as
eICIC including Almost-Blank Subframe (ABSF), CoMP, CA, RRM and customized algorithms
(including applications for channel-aware RRH assignment mechanisms described in the following
sections), etc. are run based on the capability of controlling the service continuity of relevant mobile
UEs at RRHs, increasing the relative rates, fair scheduling and load balancing for efficient RRH
assignment among multiple MNOs. All those applications are managed by the C-RAN controller
via Northbound API and each MNO uses its own applications in the proposed virtualized E-UTRAN
architecture.

3. A CASE STUDY FOR SHARED MOBILE ARCHITECTURE: CHANNEL-AWARE RRH
ASSIGNMENT MECHANISMS IN SDN-BASED NETWORKS
3.1. System Model and Concepts
We assume that there are K RRHs in a shared RAN. In our system, there are M MNOs and one
infrastructure owner that provides the mobile network infrastructure to each MNO. We denote the
MNO set M = {1, 2, . . . , M } and the RRH set as K = {1, 2, . . . , K}. The UEs of m-th MNO are
PM
chosen from the set Nm = {1, 2, . . . , Nm }. Define N = m=1 Nm as the total number of UEs
associated with all MNOs in the network. Let the binary variable qm,k indicate whether RRH k ∈ K
is assigned to MNO m ∈ M or not (i.e., if k -th RRH is assigned to m-th MNO, then qm,k = 1 else
qm,k = 0). During a certain time interval, each RRH k ∈ K is assigned to only one MNO so that
X
qm,k = 1, ∀k ∈ K.
(1)
m∈M

We
define
∆K×M = [∆1 ∆2 . . . ∆M ] = (∆m , ∆−m )
or
alternatively
∆K×M =
[Ψ1 Ψ2 . . . ΨK ]T = (Ψk , Ψ−k ) as the K × M RRH assignment matrix of all MNOs.
Here, ∆m = [qm,1 qm,2 . . . qm,K ]T is a K × 1 RRH assignment vector of m-th MNO and
∆−m is the assignment vector of all MNOs other than the m-th MNO where ∆m ∈ Xm
and Xm denotes the set of all possible RRH assignments for m-th MNO. We further
assume that X = Xm = {∆1m , ∆2m , . . . , ∆Ym }, ∀m ∈ M where Y = 2K . Moreover, denote
Ψk = [q1,k q2,k . . . qM,k ]T as k -th RRH’s M × 1 MNO assignment vector and Ψ−k as the
assignment vector of all RRHs other than the k -th RRH where Ψk ∈ Ik and Ik denotes the set
of all possible MNO assignments for k -th RRH and assume that I = Ik = {Ψ1k , Ψ2k , . . . , ΨM
k }
where each Ψm
is
M
×
1
orthogonal
identity
vector
I
.
For
an
RRH
assignment
profile
M
×1
k
(Ψk , Ψ−k ) denote the set of UEs of m-th MNO u ∈ Nm connected to RRH k ∈ K as Ck,m , i.e.
Ck,m = {u ∈ Nm : qm,k = 1}, ∀m ∈ M ∀k ∈ K, then the total number of UEs connected to k -th
RRH and assigned to m-th MNO can be expressed as Υm,k = |Ck,m |, ∀m ∈ M ∀k ∈ K.
Let the binary variable ϑm
k,i indicate whether RRH k ∈ K is in the range of the UE i ∈ Nm or
not. Note that UEs receive signals from multiple RRHs in a particular region, however, only a small
number channel measurements can be reported due to capabilities of the UEs. With respect to this,
Copyright c 0000 John Wiley & Sons, Ltd.
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the maximum number of measured and estimated channels that are related to different RRHs are
identified by an integer value of α. For this reason, each UE can be connected to at most α different
number of RRHs, i.e.,
X
ϑm
(2)
k,i ≤ α, ∀m ∈ M, ∀i ∈ Nm .
k∈K
m
m T
We define Θmi = [ϑm
1,i , ϑ2,i , . . . , ϑK,i ] as a K × 1 vector associated with i-th UE of m-th MNO
m
m
m T
and Ωmi = [w1,i , w2,i , . . . , wK,i ] as K × 1 vector of the measured CQI values from K different
RRHs which is called as channel measurement report from i-th UE of m-th MNO. Note that the
values inside Ωmi vector can have at most α non-zero values due to (2). Denote the set of UEs
CQI
CQI
of m-th MNO u ∈ Nm having highest CQI values from RRH k ∈ K as Ck,m
, i.e. Ck,m
= {u ∈
 m
Nm : arg maxi∈Nm ωl,i , ∀l ∈ K}, then the total number of UEs that are connected to k -th RRH
CQI
assigned to m-th MNO and has highest CQI values can be expressed as ΥCQI
m,k = |Ck,m |. In Table II,
the symbols we used throughout the paper are presented.

3.2. Problem Formulation and Game Theoretic Interpretation
The problem definition can be described as follows: Given a network state S = (Ψk , Ψ−k ) where
(Ψk , Ψ−k ) is a combination of each MNO assignment in the set of MNOs M to each RRH in the
set K, we look for the optimal values of assignments to minimize a cost function f (Ψk , Ψ−k ):
f (Ψk , Ψ−k ) = −

X

(3)

Uk ,

k∈K

where Uk is the utility of the k -th RRH. In order to accomplish this, each RRH’s utility needs to be
maximized by choosing appropriate MNO assignments. Using CQI as the maximization parameter,
the utility function of k -th RRH is expressed as follows:
Uk =

Nm
X X


m
qm,k × ωk,i
,

(4)

m∈M i=1
m
where the term qm,k × ωk,i
is the obtained CQI value of the UE i ∈ Nm that is attached to k -th
RRH. Then, the optimization problem can be described as follows: Our goal is to maximize the sum
of observed total CQI utility of all UEs (which also maximizes interference-free RSS level) with the
decision variables: (i) Assignment problem: the assignment of RRHs to each MNO is represented
by the variables qm,k . (ii) Connected UEs problem: the successful assignment of all UEs across all
MNOs to various RRHs is specified by the multiplication of variables ΘTmi ∆m .
For the considered shared mobile architecture, we use the following formulation for our
optimization problem:

minimize

f (Ψk , Ψ−k )

subject to

ΘTmi ∆m > 0,

∆

(5)
∀i ∈ Nm , ∀m ∈ M,

(5a)
(5b)

0 < Υm,k ≤ Nm , ∀k ∈ K, ∀m ∈ M,
X
qm,k = 1, ∀k ∈ K,

(5c)

m∈M

0<

X

ϑm
k,i ≤ α, ∀m ∈ M, ∀i ∈ Nm ,

k∈K
{qm,k , ϑm
k,i }

(5d)

∈ {0, 1}, ∀m ∈ M, ∀k ∈ K, ∀i ∈ Nm .

(5e)

In particular, the constraint (5a) tackles the case when there are no unconnected UEs in RRH
assignments. The constraint in (5b) represents the fact that there should be nonzero number of
UE connections to each RRH for all UEs of each MNO. The constraint in (5c) requires that each
Copyright c 0000 John Wiley & Sons, Ltd.
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RRH can be assigned to only one MNO, (5d) ensures that each UE is in the range of a RRH and
(5e) denotes the binary decision variables of assignment and channel measurement reports.
Game Theoretic Interpretation: We consider the problem of (5) as a normal form game Π
which can be mathematically defined as triplet Π =< K, W, {Uk }K
k=1 > where K = {1, 2, . . . , K}
is the finite set of players of the game, W = Ψ1 × Ψ2 × . . . ΨK represents the set of all available
actions for all the players and {Uk }K
k=1 : W → R is the set of utility functions that the players
associate with their strategies. The actions Ψk ∈ Ik for player k are the set of MNO selections
Ψm
k ∈ Ik , ∀m ∈ M. Players select actions to maximize their utility functions. One of the questions
that arise is if there exists a convergence point, a set of strategies, in our case a set of MNO
selections Ψm
k ∈ Ik , ∀m ∈ M from which no player would deviate. In game theory such a set
of strategies is called a Nash Equilibrium (NE). An NE for a game is a set of strategy profiles
Ψ = [Ψ1 , Ψ2 , . . . , ΨK ] from which no player can increase his utility by unilateral deviations. A
strategy profile (Ψk , Ψ−k ) is an NE if
Uk ((Ψk , Ψ−k )) ≥ Uk ((Ψ0k , Ψ−k )), ∀k ∈ K, Ψk , Ψ0k ∈ Ik

(6)

where (Ψ0k , Ψ−k ) refers to the strategy profile in which the action of UE k is changed from Ψk to
Ψ0k while the actions of all the other players in the game remain the same.
In order to tackle the above problem, the RRH assignment matrix ∆ needs to be optimized
considering the constraints of (5a)-(5e). However, solving (5) problem is challenging due to
coupling behaviour between the RRHs assignments and the connected UE problem. In the following
sections, we will discuss the scenarios and algorithms (both fully centralized and C-RAN controller
aided distributed) where the RRHs are searching for the best MNO assignment strategies that can
also provide convergence guarantees.
3.3. A C-RAN Controller Based centralized Algorithm (ANCESTOR)
We propose a generic framework performing a joint channel-aware RRH assignment mechanism
in a centralized manner called ANCESTOR. The method is fully centralized and can run as an
application on top of C-RAN controller in our proposed architecture. The assumptions in our
model are that a UE’s CQI is perfect, updated and collected by C-RAN controller which uses this
information to perform the RRH assignments to multiple MNOs. More specifically, the C-RAN
controller aims to maximize f (Ψk , Ψ−k ) by properly issuing the MNO assignments to each RRH.
i) Data Collection procedure: In the first step, UEs measure the reference signals transmitted
from different RRHs and estimate the relative channel coefficients. Let each UE i ∈ Nm measure
channel measurements and send to BBUs. BBUs collect and form Ωmi , also called as channel
measurement report. After estimation of relative channels, UEs forward their respective Ωmi to
BBUs (and then forwarded to C-RAN controller by BBUs) through high bandwidth, low latency
fronthaul network.
ii) RRH Assignments procedure: When a relevant application running on top of C-RAN
controller starts, C-RAN controller first requests Ωmi values from the corresponding BBUs. Then,
C-RAN controller populates a M × K matrix, Φ = [ϕm,k ], called as attempt report, whose columns
include RRHs with respect to their IDs and rows include indices of MNOs. Each element ϕm,k ,
denotes the obtained utility/benefit of the MNO m ∈ M for selecting the RRH k ∈ K. In order to
perform assignment of k th RRH to mth MNO, the C-RAN controller sets qm,k = 1 if:
m = arg max {ϕi,k } .
i∈M

(7)

Depending on the location of the decision of RRH assignment into multiple MNOs is done (either
at C-RAN controller or virtualization controller), (7) can be adjusted accordingly. For example,
when the RRH assignment is to be decided at virtualization controller instead of C-RAN controller
due to availability of core/backhaul network parameters, the backhaul parameters of each MNO
can be incorporated into the above benefit function. One possible selection of ϕm,k would be
rem
rem
th
ϕm,k = ΥCQI
RRH when assigned to mth
m,k × Cm,k where Cm,k is the remaining capacity of k
Copyright c 0000 John Wiley & Sons, Ltd.
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MNO. Without loss of generality, in our simulation analysis, we assume bottleneck is at the fronthaul
rather than backhaul network and we have selected ϕm,k = ΥCQI
m,k .
In order to indicate association between RRHs and MNOs, K × 1 assignment vector of ∆m is
utilized for MNO m ∈ M. Note that if any of RRH IDs in i-th UE’s Ωmi does not match with
associated MNO’s ∆m , i.e. when ΘTmi ∆m = 0, then i-th UE is not able to connect to any RRH.
Therefore, after all RRH assignments are done, the next step is to check whether there are any
UEs left that cannot be connected with any RRH. This process is called as Failure Detection and
described next (see Algorithm 1).
iii) Failure Detection procedure: After assignment of RRHs to MNOs, C-RAN controller checks
each UE’s Ωmi collected in the previous step. If any RRH ID within i-th UE’s report (Ωmi ) does
not match with RRHs assigned to i-th UE’s m-th MNO then, i-th UE is added to a failure report,
which is represented by the set U . This process is repeated for each UE i ∈ Nm associated with each
MNO m ∈ M. We denote the final size of the set U as L = |U| after failure detection.
Algorithm 1 Failure Detection
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:

procedure FAILURE D ETECTION(Ω, ∆)
set U = {}
for each MNO m ∈ M do
for each UE i ∈ Nm do
if ΘTmi ∆m =0 then
U = U + {i}
end if
end for
end for
Return U
end procedure

After detecting UEs whose reports do not contain any of RRHs assigned to its relative MNO, the
controller rearranges the assignment decisions and this process is called as Take Action which is
described next (see Algorithm 3).
iv) Take Action procedure: Inside Take Action, first, UEs within the set of U are categorized
with respect to their associated MNOs. For each MNO, a M × L matrix, Σ = [σm,l ], called failure
information report, is generated by Algorithm 2. A failure information report associated with m-th
MNO is denoted by Σm = [σ1,m σ2,m . . . σL,m ]. At this step, the maximum value of each Σm is
found and the RRH associated with the maximum value is assigned to the related MNO. Hence,
several failures can be resolved.
Algorithm 2 Generation of Failure Information Report
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:

procedure GENERATE FAILURE I NFORMATION R EPORT(Ω, ∆)
set Σ = 0M xL
for each MNO m ∈ M do
for each UE i ∈ Nm do
if ΘTmi ∆m =0 then
Σm = Σm + ΘTmi
end if
end for
end for
Return Σ
end procedure

Iteration and Convergence: In order to avoid ping-ponging, the newly assigned RRHs are added
to a set B, called as buffer list, which indicates the RRHs within the list are newly assigned to an
MNO and cannot be reassigned to another MNOs. The same processes sequentially continue until
Copyright c 0000 John Wiley & Sons, Ltd.
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all of the UE reports contain at least one of the RRHs assigned to associated MNOs. However,
even though all failures of the initially-processed MNO are resolved, new failures related to this
MNO may occur after processing to solve following MNO’s failure. Therefore, the Take Action is
followed by the Failure Detection procedure. Until all failures are resolved, these two processes are
sequentially repeated and the connection of each UE to an RRH is tried. Additionally, Take Action
has a timeout parameter (TO ). In order to avoid non-convergence issue, when the timeout parameter
is exceeded, all RRHs are homogeneously assigned to MNOs.
Algorithm 3 Take Action
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:

procedure TAKE ACTION(Σ, Θ, ∆, B)
for each MNO m ∈ M do
set counter to 0
define TO
while Σ 6= 0M xK and counter ≤ TO do
lock (set to 0) i-th column of Σ if i-th RRH ∈ B
assign arg maxi∈K {Σm,i }-th RRH to m-th MNO
update ∆m and B
if Θmi (arg maxi∈K {Σm,i }) = 1 then
Σm = Σm − ΘTmi
end if
counter++
end while
end for
Return ∆, B
end procedure

3.4. Markovian-Based RRH Assignment Mechanism (MORGAN)
In this section, we consider a scenario where the C-RAN controller can collect CQI values of all
UEs in an MNO and is able to coordinate and select the MNO assignment vectors for each RRH
appropriately. In our optimization problem of (5), we want to find the optimal MNO assignment
vectors such that the total received CQI received by all RRH is maximized. In our MORGAN
algorithm, C-RAN controller can control the convergence of the game Π and drive the system
behavior to an optimal state. The utility function can be written as
Unetwork (S) = f (Ψk , Ψ−k ).

(8)

In other words, we model the game as an identical interest game which is a special case of
potential games [32]. It is easy to verify that all identical interest games have at least one pure NE,
which will represent any action profile that maximizes Unetwork (Ψk , Ψ−k ) [32]. We assume that
each RRH’s utility function is defined as,
(
Unetwork (S) if ΘTmi ∆m > 0, ∀m ∈ M and ∀i ∈ Nm ,
Uk (Ψk , Ψ−k ) =
(9)
−∞
if ΘTmi ∆m = 0, ∀m ∈ M and ∀i ∈ Nm .
We analyze a Markovian-based RRH assignment mechanism (named as MORGAN) which
can converge to optimal assignment with arbitrarily high probability. The key characteristic of
MORGAN is the randomness deliberately introduced into the decision-making process to avoid
reaching a local solution. In MORGAN, the choices of RRHs (in our case MNO selections) lead the
system to the optimal solution with arbitrarily high probability.
MORGAN can be implemented as follows: Assume that each RRH k ∈ K in the network
has unique IDk and corresponding BBU of k -th RRH maintains two variables Ukcurr and Ukupd
which are the total CQI values of all UEs attached to k -th RRH prior to and after the change of
Copyright c 0000 John Wiley & Sons, Ltd.
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MNO assignment vector Ψk , respectively and are calculated using (4). The RRHs can be chosen
randomly or in a round robin order of updating the MNO assignment vector. Whenever an RRH
changes strategy, it broadcasts a vector [IDk , Ukcurr , Ukupd ] via fronthaul network to BBU for further
processing by the C-RAN controller. After that, all the other RRHs i ∈ K \ k will set Uicurr = Uiupd ,
recalculate Uiupd as the new total CQI values of all UEs attached to i-th RRH and send the vector
[IDi , Uicurr , Uiupd ] to update the BBU corresponding to the m-th RRH. Finally, the algorithm
will decide based on some probability whether the assignment should be kept or changed. This
probability depends on Hcurr and Hupd which are, respectively, the total CQI values in the network
prior to and after the random change of the assignment vector. The detailed description of MORGAN
is provided as follows:
Initialization: For each k ∈ K, the initial index of MNOs for all RRHs is set to 1.
Repeat: Randomly choose an RRH k ∈ K as the updating RRH with probability 1/K . Denote
Ψk (n) as the MNO assignment vector of the k -th RRH at iteration n.
1. Set Ψk (n) = Ψk (n − 1), ∀k ∈ K. Calculate Ukcurr , ∀k ∈ K.
2. To update k -th RRH, randomly choose an MNO assignment vector Ψupdated
and recalculate
k
upd
the total CQI values of all UEs attached to k -th RRH as Uk using (4). Then, broadcast a
data vector [IDk , Ukcurr , Ukupd ] to the corresponding BBU of all other RRHs i ∈ K \ k and to
C-RAN controller via the fronthaul network.
3. After observing the data vector, for each i
• If Uiupd changes (due to topological connections of UEs of MNOs), set Uicurr = Uiupd ,
recalculate Uiupd as the new total CQI values of all UEs attached to i-th RRH.
• If Uiupd does not change, Uicurr and Uiupd remain unchanged.

After Uicurr and Uiupd are updated for every RRH i ∈ K \ k , send back the vector
[IDi , Uicurr , Uiupd ] to the C-RAN controller and the BBU corresponding to the m-th RRH’s.
PK
4. Then, C-RAN controller computes total CQI values of all RRHs as Hcurr = k=1 Ukcurr and
PK
Hupd = k=1 Ukupd using the information of the BBU corresponding to the k -th RRH.
5. For a smoothing factor τ > 0, set Ψk (n) = Ψupd
for the k -th RRH with probability
k
1
1 + exp



Hcurr −Hupd
τ

(10)

.

In other words, the updating k -th RRH selects Ψupd
with probability (10).
k
6. BBU corresponding to the k -th RRH broadcasts a notifying signal that contains the decision
about whether the new MNO is kept. If not kept, every other RRH i ∈ K \ k keeps Uiupd =
Uicurr .
Until: Predefined number of iteration steps n = κ.
Note that step-5 of the updating rule implies that if Ψupd
yields a better performance, i.e.
k
(Hcurr − Hupd ) < 0, the k -th RRH will change to updated MNO Ψupd
with high probability.
k
Otherwise, it will keep the current MNO with high probability. Note also that the trade-off between
MORGAN’s performance and convergence speed is controlled by the parameter τ . The long-term
behavior of MORGAN is characterized in the following theorem.
Theorem 1: Assume that the objective of each RRH is defined as the summed CQI maximization
as defined in (5). Let S(n) = Ψ(n) = [Ψ1 (n), Ψ2 (n), . . . , ΨK (n)]T denote the profile of choices
at step (or iteration) n in MORGAN and S∗ = Ψ∗ = [Ψ∗1 , Ψ∗2 , . . . , Ψ∗K ]T be the optimal profile.
MORGAN converges to the optimal NE with arbitrarily high probability, i.e.
lim lim Pτ ∗ (S(n) = S∗ ) = 1.

τ →0 n→∞

Copyright c 0000 John Wiley & Sons, Ltd.
Prepared using nemauth.cls

(11)
Int. J. Network Mgmt (0000)
DOI: 10.1002/nem

13

NEW ERA IN SHARED CELLULAR NETWORKS

Figure 2. Two state Markov chain of MORGAN for finding the optimal state.

Proof: The proof of Theorem 1 follows similar arguments as presented in [32]. Notice that RRH
assignments with K RRHs each with M choices generates a K dimensional Markovian chain on a
finite state space with M K states or different profiles. We study the analysis for two-player games,
i.e., K = 2 dimensional case as shown in Fig. 2. The analysis can be easily extended for multi-player
games, i.e., for an K−dimensional Markovian chain.
Let Ψm ∈ Im and Ψk ∈ Ik be the choices of two RRHs say m and k and assume that I = Im =
j
2
i
Ik = {Ψ1m , Ψ2m , . . . , ΨM
m }. Let Si,j denote the state [Ψm , Ψk ] ∈ M where m-th RRH selects the
i
i-th RRH assignment vector Ψm and k -th RRH selects the j -th RRH assignment vector Ψjk . At an
arbitrary time instant, or any state of the Markovian chain, only one of the RRHs can update their
MNO assignment vector. Therefore, for example in Fig. 2, state Si,j = [Ψim , Ψjk ] can only transit
into a state either in the same row or the same column. For any fixed τ > 0, the transition probability
from state Si,j = [Ψim , Ψjk ] ∈ M 2 into state Sl,p = [Ψlm , Ψpk ] ∈ M 2 is given by
Pτ (Sl,p |Si,j ) =

1


 ,
(H(Si,j )−H(Sl,p ))
2M 1 + exp
τ

(12)

where Si,j and Sl,p differ in exactly one MNO assignment selections, i.e. Si,j 6= Sl,p for i = l or
j = p, τ is the smoothing factor of MORGAN and H(Si,j ), which is the total CQI values from both
RRHs at state Si,j calculated using (9) for each RRH k ∈ K. If Si,j and Sl,p differ in more than one
position, then Pτ (Sl,p |Si,j ) = 0. Additionally, Pτ (Sl,p |Si,j ) > 0 is always true. Therefore, for any
fixed τ > 0, the induced Markov chain is irreducible and aperiodic.
The stationary distribution P†τ for each state can be obtained from the following balance equations
(using the arrows in Fig.2):
M
X

P†τ (Si,j ) × Pτ (Si,p |Si,j ) =

M
X

P†τ (Si,p ) × Pτ (Si,j |Si,p ),

(13)

p=1,p6=j

p=1,p6=j

for all Si,j ∈ M 2 and Si,p ∈ M 2 . Substituting (12) into (13) gives
M
X

P†τ (Si,j ) ×

p=1,p6=j
M
X

1


 =
(H(Si,j )−H(Si,p ))
2M 1 + exp
τ

P†τ (Si,p ) ×

p=1,p6=j

1



2M 1 + exp



(H(Si,p )−H(Si,j ))
τ

 .

(14)

(15)

Then, the stationary distribution of the induced Markov chain at step n is obtained as
e−S(n)/τ
.
−S̄(n)/τ
S̄(n)∈M 2 e

P†τ (S(n)) = P
Copyright c 0000 John Wiley & Sons, Ltd.
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for arbitrary state S(n) ∈ M 2 . Hence, from irreducibility and aperiodicity of the Markovian chain,
we have
lim lim Pτ ∗ (S(n) = S∗ ) = 1.
(17)
τ →0 n→∞

∗

2

where S ∈ M . The result validates that MORGAN converges to the optimal state with arbitrarily
high probability for the two RRHs (K = 2) case and the analysis can be extended for general
multiple RRH (N > 2) case as well.
With the above theorem, MNO selections of all RRHs are shown to reach the optimal NE solution
with arbitrarily high probability. One disadvantage of MORGAN is that the communication overhead
incurred to calculate the total CQI values increases with the number of iterations.
Table II. Symbols used throughout the paper
Symbol
K, K
M ,M
∆K×M = (∆m , ∆−m )
m
m T
Θmi = [ϑm
1,i , ϑ2,i , . . . , ϑK,i ]
ϑm
k,i
Ψk = [q1,k q2,k . . . qM,k ]T
qm,k
m
m
m T
Ωmi = [w1,i
, w2,i
, . . . , wK,i
]
m
wk,i
Ck,m
Υm,k
CQI
Ck,m

ΥCQI
m,k
α
Nm

Meaning
Number of RRHs , RRH set
Number of RRHs , MNO set
KxM RRH assignment matix of all MNOs
K × 1 vector associated with i-th UE of m-th MNO

1; if k-th RRH is in the range of the UE i ∈ Nm
=
0;
else
k-th
 RRH’s M × 1 MNO assignment vector
1; if k-th RRH is assigned to m-th MNO
=
0;
else
K × 1 vector of the measured CQI values from K different RRHs of i-th UE of m-th MNO
CQI value received from k-th RRH for i-th UE of m-th MNO.
The set of UEs of m-th MNO connected to RRH k ∈ K, size of Ck,m
The set of UEs of m-th MNO u ∈ Nm
CQI
having highest CQI values from RRH k ∈ K, size of Ck,m
Maximum number of connected RRHs for each UE
Total number of UEs of m-th MNO

3.5. Discussion on practical aspects
Note that in existing cellular networks including 4G and previous generations, the operating
frequency spectrum as well as the locations of BSs have been pre-determined under the
consideration of several parameters (e.g., UE distributions and interference issues). In our proposed
architecture, RRHs of BSs will continue to be used at the same spectrum and locations. Additionally,
RRHs operate at the different frequencies and our proposed algorithm ensures sharing of those
RRHs. Hence, in our proposed architecture, dynamic spectrum sharing among MNOs is exploited
due to capability of MNOs. However, this situation leads to different path loss values at the same
distance which causes unfair RRH assignments in favor of RRHs with lower operating frequency.
In order to avoid this inconsistency, bias values under the consideration of operating frequencies
need to be added to channel measurement reports of UEs associated with MNOs operating at higher
frequencies.
During each RRH assignment period, each UE behaves as if it is in cell search state. Those periods
may lead call drops, however, this can be avoided by excluding a few RRHs or their carriers from
the assignment mechanism under the consideration of coverage issues.
It should also be noted that the proposed ANCESTOR and MORGAN algorithms and their
corresponding applications can be run either in the C-RAN controller or as a separate application
on top of C-RAN controller. The decision about which of them to be utilized depends on the
infrastructure owner. If the infrastructure owner is concerned with performance rather than increased
complexity, then MORGAN gives better performance and is theoretically guaranteed to reach to
optimal state, while suffering from complexity. ANCESTOR, on the other hand has lower complexity
but for RRH assignments, it is not guaranteed to reach optimal state. The way to decide which
algorithm to use depends on the utilized controller platform design. For example, when designing
an OpenDaylight based C-RAN controller, the algorithms and applications can be built on top of
service abstraction layer as network service functions or on top of Apache Karaf OSGi (Open
Services Gateway initiative) container in case of ONOS controller.
Copyright c 0000 John Wiley & Sons, Ltd.
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4. PERFORMANCE EVALUATION
In this section, we present the benefits of the studied case study of channel-aware RRH assignment
mechanisms on a generated network region including 180 RRHs associated with 3 MNOs, as
depicted in Fig. 3. The RRHs have omni-directional antennas and each MNO has 60 RRHs which
are homogeneously distributed in the particular network region and very close to each other in
order to serve the same coverage region where UEs are randomly distributed. The distance between
adjacent RRHs of each MNO is set to 5 km and the distance between adjacent RRHs associated
with different MNOs is set to 0.4 km.
15

MNO-1 RRH
MNO-2 RRH
MNO-3 RRH
MNO-1 UE
MNO-2 UE
MNO-3 UE

10

y-coordinate [km]

5

0

-5

-10

-15
-15

-10

-5

0

5

10

15

x-coordinate [km]

Figure 3. Homogeneously distributed RRHs associated with different MNOs.

The performance improvements of our proposed model are shown through Monte-Carlo
simulations with the use of defined parameters in Table III assuming 10 MHz system bandwidth
and antenna diversity. Based on High Speed Downlink Shared Channel (HS-DSCH) power, RRH
transmitter antenna gain and cable loss, the output power of RRH becomes 62 dBm. Additionally,
based on the noise figure, thermal noise (calculated by (Boltzmann constant × Temperature (290K)
× Bandwidth)) and signal-to-interference-plus-noise ratio (SINR) [33], receiver sensitivity becomes
−107 dBm. When the size of channel measurement report is set to α = 9, each UE terminal
forwards its report, which includes the highest 9 channel measurement associated with RRHs whose
associated received signal is higher than −107 dBm.
Table III. Downlink channel simulation parameters [33].
HS − DSCH power
RRH transmitter antenna gain
Cable loss
UE noise figure
Thermal noise
SINR
Height of RRH antenna
Height of UE antenna

46 dBm
18 dBi
2 dB
7 dB
−104 dBm
−10 dB
80 m
1.5 m

For the channel model between UE and RRH, we consider urban environment Okumura − Hata
path loss model [33] which can be written as 69.55 + 26.16 log(f ) − 13.82 log(hB ) − CH +
(44.9 − 6.55 log(hB )) log(d) dB where d is the UE distance to RRH in km and CH is antenna height
correction factor and for small and medium-sized cities, it is calculated by 0.8 + (1.1 log(f ) −
0.7)hM − 1.56 log(f ) where f is operating frequency of MNOs’ RRHs and it is set to 900 MHz
for red-colored RRH, 1800 MHz for green-colored RRHs and 2100 MHz for blue-colored RRHs
in Fig. 3. In order to have the same path loss values for different operating frequencies at the same
locations, bias values of 7.8479 dB for RRHs operating at 1800 MHz and 9.5932 dB for RRHs
operating at 2100 MHz are used compared for RRHs operating at 900 MHz. We further assume
Copyright c 0000 John Wiley & Sons, Ltd.
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Figure 4. Network snapshots after (a) RRH assignment, (b) first action and (c) second action.
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Figure 5. Average RSS of UEs and allocation of different RRHs in each iteration step of the MORGAN
method.

that perfect channel state information (CSI) is available at the receiver sides and used instead of
quantized CQIs.
We run performance comparisons of ANCESTOR and MORGAN methods in the generated
network region and compare their performance with respect to the homogeneously assignment
of RRHs as in Fig. 3. The smoothing factor for MORGAN is selected as τ = 200/n2 in order to
search more efficiently in this large strategy space and maximum iteration number is set to κ = 250.
The evaluation metrics are the average number of connected UEs associated with RRHs, standard
deviation of those average values and average received signal power strength as a consequence of
being connected with those RRHs under four different scenarios. In the first scenario, the average
numbers of UEs associated with MNO−1, MNO−2 and MNO−3 are set to 100. The second
scenario is a more skewed and heavier loaded distribution, where the average number of UEs
associated with MNO−1, MNO−2 and MNO−3 is set to 10, 100 and 300, respectively. In the
third scenario, the average numbers of UEs associated with MNO−1, MNO−2 and MNO−3 are
increased to 500. In the fourth scenario, which is more skewed and heavier loaded distribution
relative to previous scenario, it is set to 50, 500 and 1500, respectively. It should be noted that
in addition to randomly selected UE locations, the number of UEs is also considered as random
distribution instead of constant number in order to showcase the benefits of the proposed algorithms
in more reliable scenarios.
Initially, we present fundamental steps of our proposed algorithms in Figs. 4 and 5 before the
performance evaluation results. For ANCESTOR (see Fig. 4), under the consideration of second
scenario, the snapshot of first assignment including Failure Detection is depicted in Fig. 4a. Since
the total number of UEs associated with MNO−1 is the lowest, MNO−1 does not achieve the
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highest index in the columns of attempt report so that none of RRHs are assigned to this operator.
After that, Failure Detection is executed and the UEs that are not able to connect to any RRH
are detected (which are also shown in the same figure with square marker). Then, Take Action
is executed in order to connect those UEs to RRHs. The output of this execution including Failure
Detection is depicted in Fig. 4b. All failures in the previous step are resolved. However, new failures
related to MNO−2 occur due to recent assignment of some RRHs (which were previously assigned
to MNO−2) to MNO−1. After the second Take Action execution, all failures are resolved and final
RRH assignment is shown in Fig. 4c.
In Fig. 5, average RSS (which can be calculated as HS − DSCH Power + Antenna Gain − Cable
Loss − Path Loss) of UEs and allocation of different RRHs in each iteration step of MORGAN
method is depicted. This method starts with traditional RRH assignment so that initial value is
equal to our considered benchmark. Then, the method gradually increases the performance metric
while assigning an MNO to different RRH at each iteration step. At the end of 250-th step, the
RSS is increased with approximately 3 dB. At each step, some sample of RRHs that are assigned
to different MNOs are also depicted. For example, RRH with the ID of 55 is initially assigned to
MNO-1. At the iteration step of 10, this is associated with MNO-2 in order to increase CSI values
or RSS levels at the UE side. However, it is re-assigned to MNO-1 after following two steps since
this assignment yields better performance results considering the assignment changes on the other
RRHs during those two steps. Additionally, at the step of 50, it is assigned to MNO-3, however, at
the end of MORGAN method, it serves MNO-2.
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Figure 6. Average RSS of UEs with respect to homogeneous distribution and proposed methods under the
consideration of (a) first, (b) second, (c) third and (d) fourth scenarios.
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Figure 7. Average number of connected UEs to each RRH with respect to homogeneous distribution and
proposed methods under the consideration of (a) first, (b) second, (c) third and (d) fourth scenarios.

In the first scenario (see Figs. 6a and 7a where F(.) denotes cumulative density function (CDF)
of given variable), average value of RSS levels and standard deviation of UE distribution among
RRHs of homogeneous RRH assignment are −69.1272 dBm and 0.23387, respectively. In Fig. 6a,
it can be observed that average RSS is increased to −67.7647 dBm and −66.7876 dBm with the
use of ANCESTOR and MORGAN, respectively. The improvement on the other performance metric,
standard deviation of UE distribution among RRHs, can be observed from Fig. 7a where RRHs
whose IDs between 1 − 40 are associated with MNO−1, the following 40 RRHs are associated
with MNO−2 and the rest of them is associated with MNO−3 in the homogeneous assignment. It
should be noted that RRHs located at the border, totally 20 RRHs per MNO, are not considered
during calculation of this metric since the number of UEs connected to those RRHs is not fair with
respect to the other RRHs. The standard deviation metric is decreased to 0.22529 with the use of
ANCESTOR method. Moreover, MORGAN method achieves standard deviation of 0.18971. On the
other hand, when more skewed and heavier loaded scenario is considered (see Figs. 6b and 7b),
the benefits of proposed two methods are more clear. ANCESTOR and MORGAN aim to share UEs
among all RRHs under the consideration of their channel gains related to each RRH. In this scenario,
average RSS in the benchmark is −69.1125 dBm and this value is increased to −66.9843 dBm and
−66.2184 dBm. The standard deviation of the distribution also decreases to 0.28767 and 0.2649
with the use of those methods, respectively, whereas homogeneous RRH assignment takes the value
of 1.9429.
In the third scenario, similar to previous cases, ANCESTOR and MORGAN outperform the
homogeneous RRH assignment. In Fig. 6c, it can be observed that the average RSS becomes
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−68.3353 dBm and −67.1976 dBm with the use of ANCESTOR and MORGAN, respectively,
whereas this value is equal to −69.1353 dBm for homogeneous assignment. In Fig. 7c, we show
the standard deviation values of UE distribution among RRHs. Standard deviation is 0.89652 for
ANCESTOR and 0.61235 for MORGAN as the benchmark achieves the value of 0.82711. When we
turn to the fourth scenario (see Figs. 6d and 7d), it can be observed that average RSS values with
ANCESTOR and MORGAN are −69.6350 dBm and −68.5044 dBm, respectively, and homogeneous
assignment achieves −69.0767 dBm. The improvement on standard deviation of UE distribution
among RRHs is presented in Fig. 7d. Its value is equal to 1.4536 for ANCESTOR and 1.6535 for
MORGAN as the benchmark has the value of 9.5747. It can be further observed that the gain of
proposed algorithms (ANCESTOR and MORGAN) in the third and fourth scenarios are not as high
as the first and second scenarios. This is due to the fact that as the number of UEs is increasing,
the user density per area is increasing as well so that the choices of the number of RRH’s to
be assigned to any MNO is decreasing. On the other hand, the decrements on standard deviation
values of connected UEs and increment on average RSS levels reveal that our proposed architecture
guarantees the efficient usage of RRHs with respect to homogeneously distribution of RRHs.

5. CONCLUSION
In this paper, we introduce a new SDN-based hierarchical architecture with both a C-RAN
Controller for the management of shared C-RAN architecture and a virtualization controller for
core/backhaul management, slicing and sharing among multiple MNOs. The proposed architecture
for the next generation cellular networks exploits the openness and virtualization aspects of recent
advances in network softwarization ecosystem. In the case study of the proposed approach, two
algorithms that can perform RRH assignments for multiple MNOs are provided. We first considered
a cooperative case where all RRHs collaborate with each other in order to maximize the average
RSS in the network. The game was formulated as an identical interest game, and a decentralized CRAN-aided algorithm MORGAN with high probability of convergence was proposed and analyzed.
The performance comparisons of the proposed two algorithms are demonstrated compared to
traditional RRH assignment method which is used as benchmark. The results reveal that our
proposed algorithms outperform traditional distribution in terms of both RSS levels and standard
deviation of the number of connected UEs to RRHs.

REFERENCES
1. S. Sezer et al. Are we ready for SDN? Implementation challenges for software-defined networks. Communications
Magazine, IEEE, 51(7):36–43, July 2013.
2. The 5G Infrastructure Public Private Partnership. https://5g-ppp.eu/, 2016. [accessed 01-August-2016].
3. 5G PPP Architecture Working Group. View on 5G Architecture, 7 2016. https://5g-ppp.eu/white-papers/.
4. K. Samdanis, X. Costa-Perez, and V. Sciancalepore. From network sharing to multi-tenancy: The 5G network slice
broker. IEEE Communications Magazine, 54(7):32–39, July 2016.
5. Y. Cai, F. R. Yu, and S. Bu. Dynamic Operations of Cloud Radio Access Networks (C-RAN) for Mobile Cloud
Computing Systems. IEEE Transactions on Vehicular Technology, 65(3):1536–1548, March 2016.
6. N. Saxena, A. Roy, and H. Kim. Traffic-Aware Cloud RAN: A Key for Green 5G Networks. IEEE Journal on
Selected Areas in Communications, 34(4):1010–1021, April 2016.
7. H. Zhang et al. Cooperative interference mitigation and handover management for heterogeneous cloud small cell
networks. IEEE Wireless Communications, 22(3):92–99, June 2015.
8. D. Mishra et al. Load-aware dynamic RRH assignment in Cloud Radio Access Networks. In 2016 IEEE Wireless
Communications and Networking Conference, pages 1–6, April 2016.
9. W. Zhao and S. Wang. Traffic Density Based RRH Selection for Power Saving in C-RAN. IEEE Journal on
Selected Areas in Communications, PP(99):1–1, 2016.
10. A. Li et al. An energy-effective network deployment scheme for 5G Cloud Radio Access Networks. In 2016 IEEE
Conference on Computer Communications Workshops (INFOCOM WKSHPS), pages 684–689, April 2016.
11. Ericsson. Cloud RAN: The benefits of virtualization, centralization and coordination, 9 2015. White Paper.
12. ZTE. Cloud RAN: New Generation Radio Access Network Solution, 10 2016. White Paper.
13. NEC Corporation. NFV C-RAN for Efficient RAN Resource Allocation, 2016. White Paper.
14. Fujitsu Network Communications Inc. The Benefits of Cloud-RAN Architecture in Mobile Network Expansion,
2016. White Paper.
15. 3GPP TR 38.801. Study on New Radio Access Technology; Radio Access Architecture and Interfaces, Release-14.
Copyright c 0000 John Wiley & Sons, Ltd.
Prepared using nemauth.cls

Int. J. Network Mgmt (0000)
DOI: 10.1002/nem

20

O. NARMANLIOGLU AND E. ZEYDAN

16. V. Nguyen, T. Do, and Y. Kim. SDN and virtualization-based LTE mobile network architectures: A comprehensive
survey. Wireless Personal Communications, 86(3):1401–1438, 2016.
17. Nachikethas A Jagadeesan and Bhaskar Krishnamachari. Software-defined networking paradigms in wireless
networks: a survey. ACM Computing Surveys (CSUR), 47(2):27, 2015.
18. Ashish Patro and Suman Banerjee. COAP: A Software-Defined Approach for Managing Residential Wireless
Gateways. Department of Computer Sciences, Univeristy of Wisconsin Madison, 2013.
19. Roberto Riggio, Abbas Bradai, Davit Harutyunyan, Tinku Rasheed, and Toufik Ahmed. Scheduling wireless virtual
networks functions. IEEE Transactions on Network and Service Management, 13(2):240–252, 2016.
20. Aditya Gudipati, Daniel Perry, Li Erran Li, and Sachin Katti. SoftRAN: Software defined radio access network. In
Proceedings of the second ACM SIGCOMM workshop on Hot topics in software defined networking, pages 25–30.
ACM, 2013.
21. Xin Jin, Li Erran Li, Laurent Vanbever, and Jennifer Rexford. Softcell: Scalable and flexible cellular core network
architecture. In Proceedings of the ninth ACM conference on Emerging networking experiments and technologies,
pages 163–174. ACM, 2013.
22. Xenofon Foukas, Navid Nikaein, Mohamed M Kassem, Mahesh K Marina, and Kimon Kontovasilis. FlexRAN:
A Flexible and Programmable Platform for Software-Defined Radio Access Networks. In Proceedings of the 12th
International on Conference on emerging Networking EXperiments and Technologies, pages 427–441. ACM, 2016.
23. O. Narmanlioglu and E. Zeydan. Software-defined networking based network virtualization for mobile operators.
Computers & Electrical Engineering (in press), 2016.
24. L. Yang et al. Forwarding and control element separation (ForCES) framework. RFC 3746, 2004.
25. M. Smith et al.
OpFlex control protocol, 2016.
IETF Internet draft. [Online]. Available:
https://tools.ietf.org/html/draft-smith-opflex-03.
26. Xin Jin, LE Li, Laurent Vanbever, and Jennifer Rexford. Cellsdn: Software-defined cellular core networks. Open
Networking Summit SDN Event, 2013.
27. ONF TR-526. Applying SDN Architecture to 5G Slicing. Open Networking Technical Library, 2016.
28. A. Al-Shabibi et al. OpenVirteX: Make your virtual SDNs programmable. In Proceedings of the third workshop
on Hot topics in software defined networking, pages 25–30. ACM, 2014.
29. D. Hoang and M. Pham. On software-defined networking and the design of SDN controllers. In Network of the
Future (NOF), 2015 6th International Conference on the, pages 1–3. IEEE, 2015.
30. N. McKeown et al. OpenFlow: enabling innovation in campus networks. ACM SIGCOMM Computer
Communication Review, 38(2):69–74, 2008.
31. A. Larmo et al. The LTE link-layer design. IEEE Communications Magazine, 47(4):52–59, April 2009.
32. E. Zeydan et al. Joint iterative beamforming and power adaptation for MIMO ad hoc networks. EURASIP Journal
on Wireless Communications and Networking, 2011(1):1–12, 2011.
33. H. Holma and A. Toskala. WCDMA for UMTS: HSPA evolution and LTE. John Wiley & Sons, 2010.

Copyright c 0000 John Wiley & Sons, Ltd.
Prepared using nemauth.cls

Int. J. Network Mgmt (0000)
DOI: 10.1002/nem

